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CdS and Cd „OH…2 formation during Cd treatments of Cu „In,Ga…„S,Se…2
thin-film solar cell absorbers
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The surface modifications induced by treating Cu(In,Ga)(S,Se)2 films in an aqueous ammonia
hydroxide-based solution of Cd21 ions—as used in record Cu(In,Ga)(S,Se)2 solar cells without a
CdS buffer layer—have been investigated for different Cd21 concentrations. Employing a
combination of x-ray photoelectron spectroscopy, Auger electron spectroscopy, and x-ray emission
spectroscopy, it is possible to distinguish two different surface modifications. For Cd21

concentrations below 4.5 mM in the solution we observe the formation of a CdS monolayer, while
higher Cd21 concentrations lead to the additional deposition of a cadmium hydroxide film on the
CdS/Cu(In,Ga)(S,Se)2 surface. ©2003 American Institute of Physics.
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Today, the standard structure of thin-film solar ce
based on Cu(In,Ga)(S,Se)2 ~CIGSSe! contains a thin CdS
buffer layer~;20 nm! prepared by chemical bath depositio
~CBD!. Record efficiencies both on a laboratory sca
@18.8% ~Ref. 1!# and for large-area commercial modul
@12.1% for 3651 cm2 ~Ref. 1!# have been achieved with cel
containing such a buffer layer. However, one is interested
replacing CdS by a cadmium-free compound or even in fu
omitting the buffer layer for waste minimization reason
One promising route is the deposition of an ‘‘ion layer g
reaction’’ ~ILGAR! ZnO layer.2 This layer has been terme
the ‘‘window extension layer’’~WEL! ~Ref. 2! because the
standard window layer itself consists of ZnO~i.e., sputtered
n-ZnO on top ofi -ZnO). With this approach, cell efficien
cies of 14.6% have been achieved even without the sputt
i -ZnO layer, comparable to the corresponding stand
structure with a CBD CdS buffer layer~14.7%!.3

The high efficiencies with WEL layers were made po
sible by treating the CIGSSe absorber with an ammon
hydroxide solution containing Cd21 prior to the ZnO depo-
sition, which leads to an increase in short circuit curre
open circuit voltage, and fill factor.2 Such a treatment wa
first proposed for CuInSe2 by Ramanathan and co-workers4,5

and later successfully employed also by other group6,7

Even though there is still some Cd involved, the total amo
in the cell as well as the amount of Cd-containing waste
largely reduced in comparison to the CBD CdS process.
purpose of the treatment is to simulate the beneficial effe
of the CBD CdS process, such as a reduction of oxy
surface contaminations,8 but without the sulfur source~i.e.,
thiourea!. According to a model first proposed by Cahen a

a!Electronic mail: heske@physik.uni-wuerzburg.de
5710003-6951/2003/82(4)/571/3/$20.00
Downloaded 27 Jan 2003 to 132.187.16.187. Redistribution subject to A
in
y
.

ed
rd

-

t,

t
s
e
ts
n

d

Noufi,9 oxygen passivates the Se deficiencies at grain bou
aries and at the surface. While this is expected to hav
positive effect at grain boundaries, it leads to a detrimen
reduction of the band bending towards the absorber surf
which, in turn, can be reversed by the removal of oxyg
~e.g., during the CdS CBD process!.10,11Furthermore, severa
groups speculate about a Cd diffusion into the absorber, le
ing to an n-type doping of the absorber surface region.6,12

Despite its success, the treatment is an ‘‘empirical’’ prepa
tion step, and its impact on the absorber surface propertie
still largely unknown. In order to gain detailed insight in
the chemical and electronic modifications induced by
Cd21 treatment we have, therefore, performed a combin
x-ray photoelectron spectroscopy~XPS!, x-ray excited Auger
electron spectroscopy~XAES!, and x-ray emission spectros
copy ~XES! study on various modified absorbers.

The investigated CIGSSe absorbers were taken from
Siemens & Shell Solar base-line13 consisting of a rapid ther-
mal annealing of elemental layers on Mo-coated soda-l
glass in a sulfur-containing atmosphere. Secondary ion m
spectroscopy profiles and XPS experiments show that the
content at the absorber surface is negligible and that, he
our experiments apply to Ga-free CuIn(S,Se)2 ~CISSe!. To
study the concentration dependence, we used Cd21 solutions
containing between 0 and 12 mM CdSO4 dissolved in 1.5 M
aqueous NH3. The absorbers were treated for 10 min wh
employing a temperature ramp between room tempera
and 80 °C.3,5 For XPS and XAES experiments, MgKa ex-
citation and a VG CLAM 4 electron spectrometer were us
The XES spectra were taken at the SXF endstation of be
line 8.0 at the Advanced Light Source, Berkeley, CA.

In our XPS survey spectra~not shown! we observe a
removal of Na after all Cd21 treatments. Furthermore, a re
© 2003 American Institute of Physics
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duction of the native O content at the absorber surface ca
observed when using CdSO4 concentrations up to 3 mM
while concentrations of 4.5 mM and above lead to anen-
hancementof the O signal. After all treatments containin
Cd21 ions, Cd is detected on the CISSe surface. In cont
to Ramanathanet al.5 and Wadaet al.,6 who propose a Cd
diffusion into the absorber film, we observe a deposition o
Cd-containing layeron the absorber surface, as indicated
the attenuation of the substrate XPS and AES peaks. A
function of concentration this deposition takes place in t
different regimes, as shown in Fig. 1 for the Cd M45N45N45

Auger emission line. Up to a concentration of 3 mM t
Auger peak intensity and position is relatively consta
while for higher concentrations, we observe a shift of the
MNN to lower kinetic energies by 1.5 eV, in parallel with
strong increase in peak intensity. The dashed and dotted
in Fig. 1 represent a data analysis of the 4.5 mM spectrum
reveal two different Cd species and will be discussed bel

The peak positions of Fig. 1 are summarized in Fig.
where, in addition, the corresponding O 1s and Cd 3d XPS
intensities are shown. Already for the lowest used concen
tion ~0.05 mM!, a significant Cd concentration at the a
sorber surface is detected, which decreases slightly with
creasing concentrations up to 3 mM. In parallel, we obse
a slightly increasing O signal. This behavior of the O cont
can be understood as a competitive interaction between
face etching by the NH3 solution and film deposition of Cd
containing species. Assuming that higher Cd21 concentra-
tions lead to an enhanced deposition speed of the Cd la
the increasing O 1s intensity for higher concentrations ca
then be understood by a diminished etching time of the
sorber surface. Based on the absorber peak attenuation
Cd peak intensities, the Cd amount of this layer can be e
mated to be between 0.5 and 1 Cd monolayer.

For CdSO4 concentrations of 4.5 mM and above, we fin
a step in the O 1s intensity, in parallel to a step in the Cd 3d

FIG. 1. Cd M45N45N45 Auger spectra of Cu(In,Ga)(S,Se)2 absorbers after
treatment with different Cd21 concentrations@0.05–12 mM, spectra~a!–
~g!#, revealing two different Cd species in the different concentration
gimes. As an example, the dashed and dotted curves indicate the two
tributions to spectrum~e!.
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XPS intensity and a shift of the Cd M4N45N45 Auger line
position. The Auger parameter, here defined as the sum o
binding energy of the Cd 3d5/2 level and the kinetic energy
of the main feature of the Cd M4N45N45 transition, shifts
from 786.4 to 785.1 eV. The latter value suggests the form
tion of Cd(OH)2 ~Ref. 14! in the high-concentration regime
in accordance with the increase of the O 1s intensity, and the
molecular-like shape of the OKVV Auger line ~not shown!
resembling that of other hydroxides.15

Apart from the shift of the Cd MNN Auger lines fo
higher Cd21 concentration, a broadening of the spectral fe
tures can be observed. In general, the Cd MNN line sha
are very similar for different chemical species because of
localized character of the core hole decay. Hence, this bro
ening is attributed to a second chemical species in additio
the Cd(OH)2 , namely, the same species as observed
lower Cd21 concentrations. To illustrate this assignment w
have subtracted an arbitrary fraction~50%! of spectrum~a!
in Fig. 1 ~dotted line! from spectrum~e! to ‘‘restore’’ the
characteristic Cd MNN line shape~dashed line!. While XPS
and XAES give strong evidence for an additional Cd(OH2

deposition in the high concentration regime, the identific
tion of the species formed at low concentrations is m
difficult. XPS and XAES line positions and Auger param
eters point towards CdS and/or CdSe, which are not ea
distinguished. To do this, we have performed XES expe
ments for an untreated and a Cd21-treated~1.5 mM CdSO4)
absorber, which give detailed information about the lo
chemical bonding of the sulfur atoms, as shown in the SL2,3

XES spectra in Fig. 3. A detailed discussion of the differe
features included in this spectrum can be found in Refs.
and 17. XES, as a ‘‘photon-in–photon-out’’ technique,
much less surface sensitive than XPS or XAES. In our ca
the main part of the XES spectrum is associated with
upper 100–200 nm of the CIGSSe film. To get informati
about the changes induced by the Cd21 treatment at the ab
sorber surface we have subtracted the spectrum of the
treated absorber~a! from that of the Cd21-treated film~b!
~both normalized to maximum count rate! in Fig. 3, yielding
spectrum~c!. A comparison with a reference spectrum
CdS @Fig. 3~e!, see, also, Ref. 18# suggests the formation o
CdS at the absorber surface, particularly by noti

-
on-

FIG. 2. XPS intensities of Cd 3d ~open triangles! and O 1s ~open circles!
before and after Cd21 treatment of a Cu(In,Ga)(S,Se)2 absorber~left ordi-
nate!. The corresponding Cd M4N45N45 Auger line positions are shown with
filled squares~right ordinate!.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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the two peaks at 150.4 and 151.5 eV~marked by vertical
lines 2!. These peaks correspond to Cd 4d electrons decay-
ing into the S 2p1/2 and 2p3/2 core holes, respectively, an
appear only for sulfur atoms bound directly to Cd. Additio
ally, we observe the upper valence band of CdS at about
eV. Consequently, for spectrum~d!, we have subtracted
suitable amount~96%! of spectrum~a! from ~b!. This sub-
traction assumes that 4% of the sulfur signal stems fr
atoms in S–Cd bonds, while 96% of the signal is due to
atoms in the CIGSSe environment. The derived differe
spectrum~d! very closely resembles the CdS reference sp
trum with the exception of the ‘‘dip’’ at 159 eV, to be dis
cussed below. In particular, we now observe the S 3s-derived
main line ~1!, the Cd 4d-derived peaks~2!, and the upper
valence band of CdS. The assumed 4% of CdS signal in
sity corresponds to approximately 1 ML of CdS, in agre
ment with the layer thickness determined from XPS a
XAES substrate signal attenuation, as discussed above.
shift of the S 3s-derived main line~1! is associated with a
chemical shift of the S 2p core holes, which is also observe
in the S 2p spectra as a line broadening~not shown!.

We now turn to the question of the origin of the sulf
atoms forming the CdS layer. As mentioned above, a dip
about 159 eV~line 3! is observed in spectrum~c!. This spec-
tral region is associated with Cu 3d-derived states and
hence, directly probes S–Cu bonds.16 In the present case, th
Cd21 treatment apparently breaks some of these bonds.
is in accordance with the chemical picture that the S ato
for the CdS formation stem from the absorber surface
cause the SO4

22 dissolved in the bath is chemically ver
stable.

In summary, we can derive the following picture of th
Cd21 treatment process. For concentrations up to 3 mM
observe the formation of a thin~;1 ML! CdS film, largely

FIG. 3. Sulfur L2,3 x-ray emission spectra of~a! an untreated and~b! a
Cd21-treated Cu(In,Ga)(S,Se)2 absorber~1.5 mM Cd21 concentration! nor-
malized to maximum count rate. Spectrum~c! shows the enlarged~325!
difference of ~a! and ~b!. The spectral features at lines~2! indicate the
formation of CdS, which is corroborated by spectrum~d! obtained by sub-
tracting 96% of spectrum~a! from spectrum~b!. For comparison, spectrum
~e! was taken for a CdS-reference film.
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independent of the Cd21 concentration. The S atoms used f
the CdS formation stem from the absorber surface, as
denced by the breakup of S–Cu bonds. Without additio
diffusion processes,18 the CdS deposition is limited to abou
1 ML, i.e., to a state in which all S surface atoms are bou
to Cd atoms, as corroborated by the intensity behavior
XPS and XAES signals. For concentrations of 4.5 mM a
above~at constant concentration of the complexing NH3) we
find an additional Cd(OH)2 layer on top of the CdS layer
Since record CdS-free CISSe solar cells are generally
pared in the low concentration regime, it is evidently t
influence of the CdS/CISSe interface formation that is
sponsible for the empirical success of the Cd21 treatment. In
particular, the positive impact of the CdS/CISSe interface
the electronic structure19,20 is expected to play an importan
role in the optimization of next-generation, nominally Cd
free thin-film solar cells on the basis of CISSe.

The authors gratefully acknowledge the technical s
port of the ALS staff, as well as funding by the Germa
BMBF ~project FKZ 0329218C! and the Deutsche Fors
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